Electro-optic (EO) polymeric Mach-Zehnder (MZ) modulators with photo-bleaching (PB) induced waveguides and dual driving electrodes operating at 1.55 mm wavelength have been demonstrated. The halfwave voltage of the integrated polymeric modulator was 4.5 V in a push-pull configuration with a 1.5 cm interaction length. The extinction ratio was greater than 20 dB, and the fibre-to-fibre insertion loss was 8 dB for the TM polarisation. The achieved fibre-to-fibre insertion loss and driving voltage are the best, to the authors knowledge, in the reported PB induced MZ EO polymeric modulators.
Introduction: Photo-bleaching (PB) is an attractive method for fabricating optical waveguides in polymeric material. The main advantages of the method include the ease of high quality optical waveguide fabrication and the ability to precisely tailor the index [1, 2] . So far, several passive and active devices using the PB-induced optical waveguide have been reported such as polarisers [3, 4] , and modulators [5] [6] [7] . In regard to modulators developed by the PB technique, there have been limited results. In addition, the best performance [7] had a driving voltage of 9 V and fibre-to-fibre insertion loss of 13.2 dB at 1.3 mm wavelength, which are too high for today's photonic device applications. On the other hand, a reduced driving voltage of 4.5 V at 1.3 mm wavelength was reported in [6] , but the fibreto-fibre insertion loss and the extinction ratio were not mentioned clearly. To the best of our knowledge, no study on lowering the driving voltage and fibre-to-fibre insertion loss of the PB induced optical modulators has been performed, particularly operating at 1.55 mm wavelength.
In this Letter, polymeric electro-optic (EO) Mach-Zehnder (MZ) optical modulators employing PB induced waveguides in the EO polymer material 'APC-CPW1', [8] [9] [10] [11] are demonstrated for the first time.
Experiments and results: A schematic view of the fabricated optical modulator is given in Fig. 1 . The dual driving electrode design of a MZ optical modulator inherently offers the capability to adjust the phase of the voltages on the electrodes, which produces zero-chirp modulation operation [12] [13] [14] . Our devices are made using the EO polymer APC-CPW1 (also known as APC-CLD1), a phenyltetraene bridged high-mb guest chromophore in an amorphous polycarbonate host. The material's refractive index changes as a result of UV light irradiation at room temperature. The amount of change is a predictable function of exposure time. Using a 8 mW=cm 2 intensity light from Mask Aligner (Karl Suss MA6, USA), the change of the refractive index against exposure time is shown in Fig. 2 for TM polarisation at 1.55 mm wavelength. We have observed a large refractive index decrease with increasing bleaching time in TM polarisation (also, in TE polarisation). As a result, it was confirmed that the predominant PB mechanism in our EO material, APC-CPW, is photochemical decomposition (photoreduction) of the chromophore and not an isomerisation reaction [15] . Therefore, the unexposed region remains as a core layer and the exposed region is changed into a cladding, providing optical confinement in the lateral direction. For the fabrication of the PB-induced optical modulator, a 11 wt.% solution of CPW1 was filtered via a 0.2 mm filter and spin-coated on a 2.5 mm thick UV-15LV coated Si wafer substrate. Then an upper cladding of UFC-170A was spin-coated 2.5 mm. After that, the poling was performed at 150 C with 500 V applied voltage in a nitrogen-purged box. Then PB was performed for time periods ranging from 0 to 6 hours. Finally, the electrodes were electro-plated, increasing the electrode thickness to 3 mm.
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Fig. 3 Top view of poling induced area and PB induced waveguides at near MZ waveguide section
Optical MZ waveguide is 4 mm wide and 2.4 cm long A photograph of the device surface near the Y-branch of two MZ waveguides is shown in Fig. 3 . Two MZ waveguides were formed along with 3, 4, and 5 mm wide waveguides. Only the selected MZ waveguide (in the middle) underwent the high-voltage poling and then the PB procedure. After performing a 1 hour PB, the refractive index of both polarisations is decreased by 0.016 as estimated in Fig. 2 , resulting in an optical waveguide that supports both a TE and TM mode. The poling current was monitored to identify the induced poling current behaviour during the poling process. Previously, the poling current was set to be less than 300 nA maximum [11] to prevent possible poling-induced optical loss. In reality, how the magnitude of the poling induced current affects the poling induced loss is not clear due to fabrication factors, such as the uniformity of the guiding and cladding films introduced by various processing steps [16] . However, a peak current of less than 5 mA in our study was observed. To identify the poling induced optical loss, we have measured the insertion loss of the unpoled and poled waveguides that were located adjacent to the MZ waveguide on the same device. As a result, there was no noticeable increase in optical propagation loss. The near-field profile at the output end of the 4 mm wide MZ waveguide for the TM polarised mode was also observed. It was confirmed that the fabricated optical waveguides support only a single mode when the fibre position at the input port changed.
The TM mode fibre-to-fibre loss of a 4 mm wide MZ modulator was measured to be 8 dB. The measured modulation of a fabricated device at a 1.55 mm is shown in Fig. 4 . A half-wave modulation voltage of 9 V was measured in a single driving 1.5 cm interaction length using 1 kHz triangular electrical modulation signal, implying a 4.5 V of driving voltage in a push-pull operation. 
Conclusion:
We report a PB induced optical modulator with dualdriving electrodes. The optical waveguides created support both TE and TM polarisations with low insertion loss, which could be further reduced by optimising the PB time. The resulting device performances are comparable to that obtained in our earlier work [9, 11] developed using a ridge-type optical waveguide, and are the first results operating at 1.55 mm wavelength in reported PB induced polymer modulators. 
